The Hedgehog signaling pathway controls embryonic development and adult tissue homeostasis in 22 multicellular organisms. In Drosophila melanogaster, the pathway is primed by secretion of a dually 23 lipid-modified morphogen, Hedgehog (Hh), a process dependent on a membrane-integral protein 24 Dispatched. Although Dispatched is a critical component of the pathway, the structural basis of its 25 activity has so far not been described. Here, we describe a cryo-EM structure of the Drosophila 26 melanogaster Dispatched at 3.2 Å resolution. The ectodomains of Dispatched adopt an open 27 conformation suggestive of a receptor-chaperone role. A 3D reconstruction of Dispatched bound to Hh 28 confirms the ability of Dispatched to bind Hh but using a unique mode distinct from those previously 29 observed in structures of Hh complexes. The structure may represent the state of the complex that 30 precedes shedding of Hh from the surface of the morphogen-releasing cell. 31 32
Introduction 33 The Hedgehog (Hh) signaling pathway controls embryonic development and adult tissue homeostasis in 34 multicellular organisms. The Hh pathway is a key homeostatic regulator in embryogenic development, 35 tissue regeneration and stem cell maintenance (1, 2) . Disruption of this pathway leads to deregulation of 36 tissue homeostasis, developmental diseases and cancer (3, 4) . The key players in the Hh pathway are 37 highly conserved across species (5), which has led the Drosophila melanogaster Hh system to being one 38 of the main sources of insights into the fundamental mechanisms of Hh signaling regulation. The D. 39 melanogaster Hh is synthesized as a pre-protein that is autoproteolytically processed by its C-terminal 40 domain and dually lipidated with an N-terminal palmitoyl and a C-terminal cholesterol moieties (the 41 processed form of Hh, HhN-P, is here referred to as HhN) (6) (7) (8) . The lipid modifications presumably 42 anchor the Hh ligand to the biological membranes and extracellular matrix, ensuring that its short-and 43 long-range actions are tightly controlled (9, 10) . Binding of HhN to Patched on the surface of the 44 Hedgehog-responding cells alleviates the inhibitory action of Patched on Smoothened, coupled receptor-like membrane protein (11) . This leads to phosphorylation of the terminus and recruitment of Costal 2 (Cos2) and Fused (Fu), with subsequent activation of the Cubitus 47 interruptus (Ci) transcription factor that induces the transcription of the Hh target genes (11). 48 The Hh pathway is initiated by the release of the HhN from the producing cell (Fig. 1A) , and this process 49 is facilitated by vertebrate and invertebrate Dispatched homologues via an undefined mechanism. 50 Drosophila Dispatched is a 139 kDa protein predicted to contain twelve transmembrane (TM) helices 51 and two extracellular domains (ECDs) (12). Like Patched, Dispatched belongs to the RND family of 52 membrane transporters. The TM2-6 region of Dispatched is annotated as the sterol sensing domain 53 (SSD) (13), similar to Patched and other eukaryotic RND proteins. The functional significance of the 54 Dispatched SSD for interaction with HhN is unclear (14) . The vertebrate Dispatched homologue has 55 been proposed to synergize with Scube2 in facilitating the release of the cholesterol-modified sonic 56 Hedgehog (Shh) (15, 16) . Early experiments showed that a possible transporter-like activity of 57 Dispatched may be necessary for its role in Hh release(17). Furthermore, a recent report indicated that 58 Shh release by mouse DISP requires processing of the latter by a convertase Furin (18). A similar 59 proteolytic activation was proposed for the D. melanogaster Dispatched (18) . Recent structural work on 60 mammalian RND transporters, such as PTCH1 and NPC1, revealed the architecture of these proteins 61 and provided snapshots of these proteins in various states (19) (20) (21) (22) (23) 
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Cryo-EM structure of Dispatched 74 To gain insight into the structure and function of Dispatched, we expressed the Drosophila Dispatched 75 homologue in HEK293F cells ( Fig. S1A ), purified the protein by affinity chromatography, and collected 76 a high resolution single particle cryo-EM dataset (Fig. S2A) . The excellent quality of the sample allowed 77 us to reconstruct the cryo-EM density map of Dispatched at a resolution of 3.2 Å (Fig. 1B, Fig. S2B -D). 78 3 Using the high resolution density map of Dispatched, we built the complete model of the protein, 79 including the TM domain bundle and the two ectodomains, covering the majority (~69%) of the 80 Dispatched amino acid sequence ( Fig. 1C-D) . 81 The structure revealed the expected TM domain arrangement characteristic of the RND transporters (Fig   82   1C -D, Fig 2) . The density map of Dispatched showed a number of density elements that we interpreted 83 as molecules of bound cholesteryl hemisuccinate (CHS), which was present during protein purification 84 ( Fig. 1B, Fig. S3 ). The SSD of Dispatched seems to have the ability to accommodate several sterol 85 molecules within its pocket region, similar to the SSD of PTCH1 bound to ShhNC24II (24). We have 86 modelled a total of 9 sterol molecules bound to the inner and outer leaflet regions at the protein-lipid 87 bilayer interface of Dispatched (Fig. S2 ). Our reconstruction also revealed a striking feature of the 88 extracellular portion of the protein: the ectodomains of the Dispatched splayed apart creating a large 89 bowl-shaped cavity ( Fig. 1E-F) . The loop between the residues E90 and S247, which belongs to ECD1, 90 is not resolved in our reconstruction (Fig. 1E ). This loop is predicted to be mostly unstructured, which 91 may explain the lack of interpretable cryo-EM density corresponding to this region of the protein. The 92 absence of a connecting protein density between the two ECDs creates an opening into the Dispatched 93 ECD cavity in close proximity to the protein's membrane-embedded SSD region ( Fig. 1F ). ), the C-terminus of the cholesterol-modified HhN may interact with the protein via more than one site. 125 The functional role of the different sterol interaction sites at the protein-lipid interface of Dispatched 126 will require careful future investigation. 127 Only a few residues, H77-H78, R250-253, E296-E298 and N407 of Dispatched ECD1 contribute to the 128 interaction with HhN ( Fig. S6 ). This may explain the relatively low affinity of this interaction and the 129 poor density corresponding to the bound HhN. It is likely that the processed, dually lipidated natural 130 form of HhN engages Dispatched at additional sites within and near the ligand binding cleft. For 131 example, the palmitoylated N-terminus of the protein may be in contact with the surface of ECD2, 132 whereas the C-terminal cholesteryl moiety may interact with membrane-embedded SSD of Dispatched. 133 We analysed the interfaces that the HhN ligand presents to different binding partners, in the context of preparations of the protein clearly show that it is monomeric in detergent micelle, yet it has previously 159 been suggested to form oligomers (18, 27) . In light of the variety of stable oligomeric states observed 160 recently by cryo-EM for PTCH1, including monomers (19, 21, 24), dimers (20, 22) and tetramers (28), 161 it is possible that Dispatched is capable of oligomerizing in a ligand-dependent or -independent manner. For Dispatched-HhN dataset, the initial steps were similar to those described above. After several rounds 282 of 2D classification in relion-3.0, a dataset of 162907 particles was selected. One rounds of 3D 283 classification with 2 classes was performed, and the best 3D class (98623 particles) could be refined to 284 7.04 Å resolution. This class was subjected to a 3D classification with a single class (40 iterations, T20, 285 E7). The particles in this class were imported into cisTEM(36), local searches were performed using an 286 initial resolution cut-off of 15 Å, followed by the same procedure with a 10 Å cut-off. A mask excluding 287 the micelle but covering Dispatched and the bound HhN density was used (a soft edge of 10 Å was 288 applied during processing in cisTEM). The density outside the mask was low pass filtered to 30 Å, and 289 the weight outside the mask was set to 0.3. The refinement converged after several iterations to an overall 290 resolution of 4.3 Å (FSC cutoff 0.143); B-factor sharpening resulted in a final map at 4.76 Å resolution. Table S1 . Cryo-EM data collection, single particle analysis and model building statistics. 336 Movie S1. Cryo-EM density map of Dispatched. 337 338
